ANALY SIS OF COOPERATIVE BEHAVIOR FOR AUTONOMOUSWIDE
AREA SEARCH MUNITIONS

THESIS

Orhan Gozaydin, First Lieutenant, TUAF
AFIT/GSO/ENY/03-2

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.



The views expressed in this thesis are those of the author and do not reflect the official
policy or position of the United States Air Force, Department of Defense, or the United
States Government.



AFIT/GSO/ENY/03-2

ANALY SIS OF COOPERATIVE BEHAVIOR FOR AUTONOMOUS WIDE AREA
SEARCH MUNITIONS

THESIS

Presented to the Faculty
Department of Aeronautical and Astronautical Engineering
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
In Partia Fulfillment of the Requirements for the

Degree of Master of Science (Space Operations)

Orhan Gozaydin, BS

First Lieutenant, TUAF

March 2003

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED



AFIT/GSO/ENY/03-2

ANALY SIS OF COOPERATIVE BEHAVIOR FOR AUTONOMOUS WIDE AREA
SEARCH MUNITIONS

Orhan Gozaydin, BS

First Lieutenant, TUAF

Approved:
/Signed/
Lt Col David Jacques, Ph.D. (Chairman) Date
/Signed/
Dr. Curtis H. Spenny, Ph.D. (Member) Date
/Signed/

Dr. Meir N. Pachter, Ph.D. (Member) Date



Acknowledgements

| would like to express my sincere appreciation to my faculty advisor, Lt. Col.
David R. Jacques, for his guidance and support throughout the course of this thesis effort.
The insight and experience was certainly appreciated. | would also like to thank AFRL
people for their support and time for answering al of my questions about the simulation
program.

| would mostly like to thank my mother and my family for their endless love and

continuous support.

Orhan GOZAYDIN



Table of Contents

Pege

ACKNOWIEAGMENLS ...ttt e et e e re e iv
TabhlE Of CONLENTS.....ccuiiuiiiieieiee ettt e snenne s v
LISt Of FIQUIES ..ottt s Vii
LiSt Of TADIES ..o viii
ADSIFTACT et IX
R 1 11 0o LB o o o P 1
I T o1 - USSP 1
1.2. BaCKGIOUNG ..ottt 2
1.3, ODJECLIVES.....ceeceeccee ettt renne s 4
1.4. ApProaCh and SCOPE ........cccuveieiierieee e 4
L5  REIBVANCE. ..ot 5

[1. Autonomous Wide Area Search MUNITIONS .........cccovevereninieneeeeeee e 7
P I T 0T SRS 7
2200 50 N I 2 o 11 5 o S 8

2.2. Single Munition Single Target Case........ccccvvevuvieereeieecee e 10
2.2.1 OULCOME TIEES .....eiiiieeeeeeeestee et e ettt e e sae e s ne e sbe e s nneennee s 12

2.3. Single Munition Multi-Target Case.........coocevererenereneseeeesee e 15
2.4. Multi-Munition Multi-Target Case........cecvieereeieseere e see e eee e see e 17
2.5. Applying Cooperative Algorithm to ThisResearch..........ccoccieieninnnene 18
2.5.1 NON-COOPEratiVE CASES .....ceeruerieeueeieieriesie sttt 18

2.5.2 COOPEraliVE CaSES.......ueeveeeeerieeiesieesteeseseesteesseseesseesseseesseensesneesnes 18

T, SIMUIBEION PrOQraim .....c..ooueeiieieeeeese st 20
3.1, Original SIMUIBLION.........ccviiieieeriecie e 20
L1 GONENE ... e e 20

3.1.2. TaskS ASSIJNMENTS ....oceeiviriiriiriieieie et 21

3.1.3. Automatic Target Recognition Algorithm .........ccccoeceevviieieeiecnns 22

3.1.4. Warhead Lethality.........ccooerieiieneeeeeeee e 22

3.1.5. Battle Damage Assessment (BDA) ....ccovvverenereeieeesesesee e 23

3.1.6. COMMUNICALTIONS ....ccvereeririeriisiieieiee et 23

3.2. SIMulation MOdIfiCaIONS........cccuiiieiirie e e 23
3.2.1. Modifying Maximum Number of Targets .........cccceverenenencrennenn 24

3.2.2. Separation of Truth and Sensed Information............cccccveceviverennnnns 24

3.2.3. Automatic Target Recognition Algorithm Modifications................ 25



3.2.4. Warhead Lethality........ccccccvieieiiiiiicecsese e 26

3.2.5. Battle Damage ASSESSMENT .......ccccveieeieereeieseese e see e eee e 27

3.2.6. Benefit and Task Assignment Calculations ..........ccocceeevreeneeiieneenne 27

3.2.7. Obtaining Statistical Data and Other modifications ............c.ccceveee.. 29

V. Simulation Results and ANAYSIS ......coiiiiiiiiiiecie et 30
4.1. Warhead Lethality EffeCtS .......ccceovvieiecc e 32
4.2. ATR Capability EffeCtS......ccccceiieiceesece e 34
4.3. Effects of Number of MUNItIONS .........coooeeiiiiiiiieneeeeesee e 36
4.4. Search Weight EffECtS.......ccooiiireeeeee s 37
4.5. False Target Attack Rate EffectS .......cccocvevecce e, 39
4.6. OVErall RESUILS......ooiiieieiice et 40
A.7. NUMDEr Of ATACKS.....eiieeeieeie e 42
4.7.1. False Target AttaCKS.......cocveieeie e 43

4.7.2. Real Target AMACKS ......ocveiiieesie ettt 44

A.8. HIt FOrMUIAL.....cceiiiiiieciee et a7
4.9. Discrimination between Target TYPES ....vcvvveveereeeeseesee e 48

V. Conclusions and ReCOMMENTaLioNS .........cccoeeererrienieenienie e 50
5.1, CONCIUSIONS. ... .cuiiiiiiieieiesie ettt sttt nre b nneas 50
5.2. Recommendatiors for Further Research............coccvoeveniinenecinneeneene 52
APPENTIX A. TESE MATICES ....oceeeveeie ettt ee et reenes 54
BiblIOGrapY .....c.ceieeeeeeeee e 56

Vi



List of Figures

Figure Pege
1. Sample Sarch Paltern ... e 10
2. Outcome Tree for AUtONOMOUS SEAICH.........ccoiriiiieirisceeese e 13
3. Outcome Tree for Cooperative AaCK ...........coeverereninienieeeeseese e 14
4. Number of False Target Attacks for Cooperative Munitions .............c.ccec....... 44
5. Number of False Target Attacks for Non-cooperative Munitions.................... 44
6. Number of Real Target Attacks for Cooperative Munitions ............cccoceveenenne 45
7. Number of Real Target Attacks for Non-cooperative Munitions..................... 45
8. Ratio of Real Target Attacks to Total Number of AttacksS.........ccceevvveeiennnnne 47

9. Performance of Cooperative and Non-cooperative Munitions for
HIT FOMMUIAL ..o 48

10. Comparisons of Ratio of High Priority Attacksto Total Real
LI (< 0 AN 1= o TS 49

Vii



List of Tables

Table Page
1. Binary ConfuSION IMEEIX .....ceeueeieeenieniisieesie et 8
2. Confusion Matrix for Multiple Target TYPES .....cvecvvveeveeieseere e 9
3. Specific SIMulation Parameters..........coeiiiiiierieresere e 30
4. Number of Killed Targets/False Target Attacks

at Low Warhead Lethality.........cocoooiiiiiiniee e 32
5. Number of Killed Targets/False Target Attacks

at High Warhead Lethality...........ccoeiiriiniieesesee s 34
6. Number of Killed Targets/False Target Attacks

at LOW ATR Capability......ccceeiiiiiieiie e 35
7. Number of Killed Targets/False Target Attacks

at HIgh ATR Capability ........coeeieiieiece et s 35
8. Number of Killed Targets/False Target Attacks for 4 Munitions. .................... 36
9. Number of Killed Targets/False Target Attacks for 8 Munitions..................... 37
10. Number of Killed Targets/False Target Attacks at Low Search Weight ......... 38
11. Number of Killed Targets/False Target Attacks at High Search Weight ........ 38
12. Number of Killed Targets/False Target Attacksat Low FTAR...........c.oc........ 39
13. Number of Killed Targets/False Target Attacks at High FTAR........cccceee.e. 40

14. Number of Killed Targets/False Target Attacks for Overall
SIMUIEETION RESUILS ..ottt sane e 41

viii



AFIT/GSO/ENY/03-2

Abstract

This research investigates the effectiveness of autonomous wide area
search munitions using cooperative and nortcooperative behavior agorithms
under various scenarios. The scenarios involve multiple autonomous munitions
searching for an unknown number of targets with different priorities at unknown
locations. For the cooperative cases, communications are allowed between the
munitions to help locate, identify, and decide to pursue an attack on atarget or to
continue searching the rest of the battlefield. For non cooperative cases, munitions
independently search, detect, identify and decide to attack an identified target or
continue to search. Performance of the cooperative munitions depends on
numerous parameters such as target types, number, mobility, battlefield
characteristics, warhead lethality, decision objectives, and variability in the
battlefield.

The results were examined under characteristics of warhead lethality, ATR
capability, false target attack rate, number of munitions deployed in the
simulation, and search weight. Cooperative munitions demonstrated significant
decrease in the number of killed targets. Cooperative behavior reduced the

number of false target attacks significantly.



ANALY SIS OF COOPERATIVE BEHAVIOR FOR AUTONOMOUS WIDE AREA

SEARCH MUNITIONS

. Introduction

1.1 General

The problem being addressed in this research is the effectiveness of autonomous
wide area search munitions using cooperative and non-cooperative behavior algorithms
under various scenarios. The scenarios involve multiple autonomous munitions searching
for an unknown number of targets with different priorities at unknown locations. For the
cooperative cases, @mmunications are allowed between the munitions to help locate,
identify, and decide to pursue an attack on atarget (and which munition will attack) or to
continue searching the rest of the battlefield. For non cooperative cases, munitions
independently search, detect, identify and decide whether to attack an identified target or
continue to search. Performance of the cooperative munitions depends on numerous
parameters such as target types, number, mobility, battlefield characteristics, warhead
lethality, decision objectives, and variability in the battlefield.

AFRL/VA sponsored this research. All research was conducted at the Air Force

Institute of Technology (AFIT), Wright-Patterson AFB, Ohio.



1.2 Background

Due to the changing national military objectives and diminishing budgets the Air
Force has begun to decline the size of its combat forces. For this reason the Air Force is
conducting severa projects in order to maintain or improve combat effectiveness with
fewer numbers. One of the ways of keeping and enhancing its war fighting capabilitiesis
to search for new technical and operational concepts. Mission efficiency has become as
important as mission effectiveness, and this has led to interest in small, autonomous cost
efficient weapons (1)(2). These autonomous weapons can also be helpful to reduce the
mission planning effort and intelligence since they have the ability to search, classify and
decide to attack the classified targets.

The smaller the weapons get the harder it is to achieve satisfactory lethality.
Some loss in lethality associated with a smaller warhead can be compensated for by more
accurate termina guidance. A complementary approach is to use cooperative behavior to
bring multiple munitions to bear on critical targets. The net effect can be to increase both
the effectiveness and the efficiency of the overall aircraft/munition system.

A RAND study examined rationale for cooperative behavior between Proliferated
Autonomous Weapons (PRAWNS) equipped with near-term automatic target recognition
systems (2). Their objective was “to explore the potential of innovative cooperative air-
to-ground weapon system concepts that integrate advances in ethology, robotics, and
modern military technology”. A swarming algorithm was used to implement the desired
cooperative behavior. Their study showed that communications, Automatic Target
Recognition (ATR) and sensors and navigation system are required to implement the

swarming munition concept. Their study showed that by allowing communications



between swarm weapons, a group of individualy less capable weapons may show
capabilities that can exceed those conventional systems with no communication. The
decision agorithm used by RAND does not show a comparison of their decision
algorithm with other alternatives. Further, the munitions in their study have no possibility
of encountering false targets. According to Jacques, fase target attacks need to be taken
into consideration when evaluating the effectiveness of autonomous wide area search
munitions (5). Some false target attacks are inevitable due to the stochastic nature of the
ATR process. Therefore, false target attacks must be considered as a degrading parameter
for effectiveness in autonomous wide area search munitions.

Gillen investigated cooperative behavior through the use of a simulation program.
Gillen developed a decision methodology for cooperative behavior and evaluated the
effectiveness of it against a baseline of noncooperative munitions (3)(4). His study
showed that loss of lethality due to asmaller warhead can be overcome by applying
cooperative engagement to the wide area search munitions.

In his study, Dunkel showed that cooperative behavior does not always improve
the effectiveness of the wide area search munitions (1). The amount of improvement or
degradation depends on the form of cooperative behavior and the specific scenario. His
study emphasizes that the combination of cooperative classification and attack typically
outperforms cooperative attack only because of the lower effective false target attack rate
associated with cooperative classification. Park studied the validity of simulations for
wide area search munitions (9). His study show that a properly designed wide area search
munition simulation can be effectively used to predict the performance of these munitions

under prescribed conditions.



1.3 Objectives

The Primary objective of this study is to investigate and compare the effectiveness
of wide-area search munitions using cooperative and non cooperative behavior

algorithms under various scenarios. More specific sub objectives are:

1. Modify a simulation to highlight possible advantages of cooperative
behavior in autonomous wide area search munitions.

2. Further explore under what scenarios it is advantageous or
disadvantageous to use cooperative behavior.

3. Compare and find out any benefits gained by implementing cooperative
behavior in wide area search munition.

4. Anayze the sendtivities of the decison rules and parameters and

determine which parameters should be givenspecia attention.

1. 4 Approach and Scope

For this research a computer simulation is used to model multiple autonomous
wide area search munitions that search, classify and attack targets. Within the search area
both real and false targets are uniformly distributed. For predetermined battlefield
characteristics both non-cooperative and cooperative cases are examined. In the non
cooperative @ses autonomous munitions are not allowed to communicate with each
other. Hence each individual munition needs to independently search, classify and decide

either to attack the classified target or continue to search for new targets.



In the cooperative cases communication between the munitions are allowed.
Individual munitions broadcast information regarding classification and attacks to the
other agents of the group so every munition can be informed as to the progress of the all
munitions. By using this shared information munitions cooperatively classify and decide
whether an attack should be made on the target. Cooperative decision logic can also be
used to determine which munitions attack classified targets and which continue to search.

Modeling rea life, as it is, is beyond the scope of this study. Therefore some
simplifying assumptions needed to be made. All communication between munitions is
reliable and on time. There is no communication delay, signal degradation or
broadcasting errors, but erroneous information regarding incorrectly classified false
targets is broadcasted. In this research all targets and nonttargets are modeled as
stationary. Unreliable, limited communication and mobile targets and nontargets are left
as a recommendation for future studies. Various cooperative and non-cooperative
scenarios are studied using 4 and 8 munition groups. Parameters used to define the

scenarios and battlefield characteristics are shown in the test matrix in Appendix A.

1.5 Relevance

This study does not address any particular autonomous wide area search munition.
A generic computer simulation is used to model the problem addressed in this study.
Therefore this research and its results and conclusions can be applied any scenario with
similar vehicle and battlefield characteristics by simply modifying the simulation
parameters. Analytical theory presented in chapter 2 can be applied to a broad range of

cooperative search algorithms. This study highlights the crucial decision parameters that



should be given special attention when evaluating the effectiveness of the autonomous

wide area search munitions under cooperative behavior algorithms.



1. AutonomousWide Area Search Munitions

2.1 General

Wide area search munitions can be described as autonomous vehicles which have
the ability to carry warheads, relatively small onboard sensors to detect and classify
targets navigation systems (INS/GPS) to navigate through the search area, and
communication systems to communicate with each other. In this research the munitions
carry a single warhead that destroys the munition once detonated; they do not have the
ability to drop individua bombs on targets. The Low Cost Autonomous Attack System
(LOCAAYS) is a very good example of wide area search vehicles that are under
development. The LOCAAS is planned to be capable of wide area search, identification
and destruction of mobile targets (13).

There are various factors that play a big role in the effectiveness of the wide area
search munitions. The most significant factors for overall performance of cooperative
munitions are the communication, Automatic Target Recognition ATR), and warhead
lethality. For example, a poor ATR system will cause misclassification of the object and
will result in excessive false target attacks and collateral damage. Likewise, bad
communication broadcast to other munitions may cause other vehicles to react adversely
since decisions will be based on bad information.

According to Jacques @) False Target Attack Rate (FTAR) and probability of
target report (Prr) are the most important measures of ATR performance. FTAR can be
defined as the average rate ( /knf) at which munitions would falsely declare targets if the
seeker were flown in a noncommit mode. Prr is the probability of a correct Target

Report given that a valid target is encountered in the search area. Some classical work in



the area of optimal search has been done by Koopman (8) and Washburn (11). In the
following sections probabilities for successful search and attack will be examined in
detall for single munition'single target, single munitiomulti-target, and multi-
munition/multi-target cases based on Jacques studies (5)(7). Prior to defining the
probabilities of mission success it is necessary to discuss the ATR algorithm in greater

detail.
2.1.1 ATR Algorithm. The performance of an ATR system is determined by

its ability to make the right decision when verifying the type of object (target or non
target) that has been encountered. The process of making the right decision given target
encounter is quantified by the probability of target report Prr). Jacques described the
relationship of these probabilities and other ATR measures using a confusion matrix (7).
A confusion matrix expresses a priori probabilities for discriminating between targets

and non targets. A binary confusion matrix is shown in Table 1 for the single target case

().

Table 1 Binary Confusion Matrix

ENCOUNTERED OBJECT
DECLARED OBJECT
Tar get Non-Tar get
Target Prr PeTAE
Non-Tar get 1'PTR 1'PFTA[E




Table 1 shows only a single target type. In addition to Ptg, the confusion matrix requires
the specification of Perae, the probability of false target attack given encounter. Thisis
the simplest case because it contains only a single target type, and any encountered object
is either atarget or nontarget.

In redlity it is unrealistic to expect that munitions will encounter only one type
of target. For example, there might be surface to air missile launchers, reloaders, ad
support vehicles in a battlefield scenario. An attack might be considered successful if any
of these targets is attacked. Therefore, an ATR model must be capable of handling
different types of targets. In order to handle the multiple target type case, an extension of
the simple confusion matrix must be considered. The confusion matrix for an ATR

capable of discriminating 3 different types of true targets from nontargets is shown in

Table 2 (2).
Table2 Confusion Matrix for Multiple Target Types
ENCOUNTERED OBJECT

DECLARED

OBJECT Target Type 1l Target Type 2 Target Type 3 Non-Target
Target Type 1 PrrafType1 Prrafrype2 PrraTypes Perale
Target Type 2 Prramype1 Prromype2 Prr2mypes Peraze
Target Type 3 Prramype1 Prramype2 Prr3Types Perase
Non-Target 1-SPrRj | Type1 1-SP1rj | Type2 1-SP1Rj | Type3 1-SPeraj e

The composite probability of target report can be determined by using the above

confusion matrix for any target type. However, this time it is not a single value since a




target encountered by a munition can be classified as any type. For example, if a
munition is to encounter a target of Type 1, the probability that it would classify the
target as a target of any type is the sum of Prr y1ype 1, PTR 2Type 1 Prr3mype 1 . Note that
snce any encountered target will either be declared some target type or disregarded as a

nontarget, the values in any single column must sum to one.

2.2 Single Munition Single Target Case

When a munition searches an area it is only able to see the part of the search area
under its sensor footprint, assumed to be constant width in this research. A sample search
pattern for the single munition/single target case is shown in Hgure 1. For the simplest
case, the search area, As, contains a single target. For the rest of the chapter targets are
considered as uniformly distributed within the search area in a Poisson field of false
targets. The basic scenario will be the single munition/single target case. This basic
scenario will be extended to a single munition/multi-target case and multi-

munition/multi target case.

A dA Direction of Flight

—A —

As

Figure 1 Sample Search Pattern
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For the basic scenario, the single munition single target case, a single target is
uniformly distributed in a Poisson field of false targets. The probability of mission
success for the single munition, single target case can be expressed as:

Pms =Pk .Prr .Pe (2.1)
where

Pk = the probability of target kill given that the target is classified as avalid target.

Prr = probability of target report giventhe target isin the sensor footprint.
Pe = the probability the target will be encountered in the search area

In order to obtain the probability of mission success Pk, Ptr and Pg values have
to be determined. Pk, can be expressed as single numerical values depending on the
warhead lethality, and P1r can be derived from the confusion matrix tables as discussed
in section 2.1.1.

The probability that the munition will encounter the target given that the target

is in the search area, Pg , can be determined from an integral formulation using the

probabilities that the munition has not made previous false target declarations in the

aready searched area, P, and the probability that the target is contained in the area dA.

Po=e™ (2.2)

P(dA)=h;. dA (2.3)
where a is the false target attack rate and the h is the average target density for the
search area. For the single target case, hi= 1/As. As defined in the previous sections false

target attack rate is the expected rate of false target declarations for the Sensor/ATR

algorithm. It can be formulated as the product of the probability that the munition will

11



attack a false target given that it has been encountered, (P ,¢), and the expected

probability density of false targets (h.;).
a=hg XPFTA|E (2.4)

Therefore, the incremental probability that the munition will encounter the target in area

dA can be expressed as:

-aA

DP. (A) = ef dA (2.5)

The probability that the munition will encounter the target in the total search area can be

obtained by integrating equation 2.5 over the search area As yielding:

1- @

a xA,

Fe(A) = (2.6)

2.2.1 Outcome Trees. An outcome tree for the single munitior/single target scenario
showing the possible outcomes and their likelihoods is shown in Figure 2 (1). Solid lines
represent desired outcomes, and dashed lines are the negative outcomes. While a
munition is searching the area, it may either encounter the true target or not. If it
encounters the true target, because of the uncertainty associated with the ATR process, it
may either report it as atrue target or afalse target. If the real target is recognized by the
munition an attack will be executed on the target. Although, there will be an attack on
the target it may destroy the target or the target will survive in accordance with the

lethality, Pk, of the warhead.

12



Enc. Tgt. Enc. Tgt
~ -~ e
P ~ 1P /,
- s
~ rd
Tgt. Rpt. Tgt. Rpt. False Tgt.
A -~ Y
Py S Py ol 8 __Ept; -
\' ,I \' o - - ”~
Tgt. Kill Miss False Tgt. Out of False Tqgt. Miss
Rpt. Gas Kill
o - ey -~ -
False Tgt. Miss

Kill

Figure 2 Outcome Tree for Autonomous Search

If the real target is not recognized there is no remaining chance for a successful
outcome for the single target case (assuming non-duplicative search pattern). Since there
is no real target in the remaining search area the munition will run out of gas and destroy
itself or execute an attack on a false target. An alternative outcome is that the munition
will make a false target declaration prior to encountering the real target. Consequently,
the munition can execute an attack on the false target being recognized as avalid one.

The likelihood of any specific outcome can be determined by ssmply taking the
product of the possibilities along the path of that branch. The probability of successful

search is the left branch of the outcome tree. Analyticaly it can be shown as:

1- €25

A A (27)

Pgs = PK .PTR.PE: PMS = PK -PTR-

13



When a target is reported by the ATR of a different munition it may be a rea
target or a false target. The probability that a second attack on the declared object will

result in a successful target kill can be determined by looking at the outcome tree for the

attack Figure 3 (5).
Tgt. Rpt.
y -Pare
Real Tgt. False Tgt.
PTR -."'.._.1'PTR PFTNE // 1'PFTNE
T, g X
Tgt. Rpt. Search Tgt. Rpt. Search
V \\ 1P, Tt L = £ t-Tera
i False Tgt. Miss

Tqt. Kill Miss
g Kill

Figure3 Outcome Tree for Cooperative Attack

The probability of a successful attack, lethal attack on areal target, is the most left branch
of the Figure 3.

Ps= PRT'TR. Prr. Pk (2.8)
where P, risthe probability that a declared target is actually areal target given that it is

reported. P, Can be expressed as the ratio of the true target attack rate to total attack

rate.

PTR :hT

P = (2.9)
RIiTR Pr >hT + PFT/NE )hFT

14



In the search area there is only one target and once it is not recognized by munition’s
ATR system, the probability of continuing to search for the target will be zero resulting

outcomes of all the other branches to be zero as well.

2.3 Single Munition Multi-Target Case

A single munition searching for multiple targets can be looking for multiple
targets of the same type, multiple targets of different types or a specific target between a
numbers of different valid targets. The ability to distinguish between different target
types is again determined by the capability of the munitions ATR system. When the
munition is searching for a specific target among the other types of targets, these other
types of targets can smply be considered as false targets and the theory developed for the
single munitior/single target case can be applied safely.

In the case of a single munition searching for different types of targets, all target
types are considered valid. Modifications must be made from the set up of the single
munition/single target case to handle this scenario. For the single munition/single target
case the incremental probability that the munition will encounter the target in area dA was

shown to be the product of the probabilities that munition has had no fase darms in the
dready searched area, P, and the target is contained in the area dA. For the multi target
scenario there are other valid targets in the search area and the incremental probability of

target encounter also depends on the probability of not attacking a target within the

already search area. This probability can be expressed as:

R

RT

= g"PrA (2.10)
Thus the incremental probability for target encounter in dA is the product of the

probability that the munition has had no false darms in the already searched areg P, the

15



probability that the target is contained in the area dA, and the probability of not having a
previously declared target within the already search area.

DP(A) = e MPe*2)A 3 xdA (2.12)

Finaly 2.11 can be integrated over the entire area to obtain the total probability of target
encounter for the entire searcharea:

h - +a
PE(AS) = —h 5 t+a )(1_ e (h¢Pr )As) (212)

t" TR

The probability of target report can be determined by using the confusion matrix.
However, since a target encountered by the munition can be classified as any type, it
cannot be taken directly from the confusion matrix as it was for the single target type
case. The probability that an encountered target of type i will be declared as a target of

any type can be defined as:

P = é. Priimype_i (2.13)
i

where j ranges from one to the number of target types being considered in the ATR
algorithm. When a munition encounters a target, the probability that this encountered
target will be type i can be defined as:

h..
p=—" (2.14)

total_tgts

16



By using equations 2.13 and 2.14 a combined Ptr weighted by the average densities of

the various target types can then be stated as:

Pr = é Pres P (2.15)

2.4 Multi-Munition Multi-Target Case

The analytical studies for the single munition single/target case can till be
applicable to the multi munition/multi target cases. Jacques showed the analytical tools
for the multi-munition case with single targets and extension of these to the multi-
munition/multi-target case (5). For the multi- munition/multi-target case, munitions may
still search the area individually, so these searches can be considered independently.
Probability of successful search is the same as the single munition/single target case.
However, munitions can also execute attacks on targets declared by other munitions.

The probability of successful attack is affected by the other munitions
contribution since individual munitions can execute attacks on the targets declared by
another munition. However, itsown ATR may or may not recognize it as a target once it
is encountered for itself. If not, it may continue to search and can attack successfully
another target declared by arother munition or find another valid target. By using the

outcome tree shown at Figure 3, the probability of a successful attack can be shown as

(5):

Psa = PK XPFR xPRTlTR + Pss(tr - tETA) X1- PTR) XPRT|TR +

Pss(tr - tETA) >‘(1‘ PFTA]FTE) ><1' PRT|TR) (2-16)

17



Different than the single target case, this time there is more than one target in the search

area and continuing to search can produce positive outcomes.

2.5 Applying Cooperative Algorithm to This Research

2.5.1 Non-Cooperative Cases. The goa of this research is to evaluate the
effectiveness of cooperative behavior in wide area search munitions. In order to
accomplish this goal, the performance of cooperative munitions must be compared with
the performance of the non-cooperative munitions. Cooperative cases and non
cooperative cases are considered using the same conditions and parameters through
various scenarios.

Munitions act individualy in non-cooperative cases. A munition searches by
itself looking for possible targets. When it encounters an object, it classifies it as either
target or non-target by using its ATR system and when a classification is made it decides
whether to execute an attack on the target or continue searching for another target.
Munitions will not attack any of the targets that have been classified by any other
vehicles unless they are encountered during their individual search This must be the case
since they do not have any knowledge of targetsfound by other munitions.

2.5.2 Cooperative Cases. In cooperative cases munitions act as a group to
accomplish the tasks and maximize the overal benefit for the system. Munitions
communicate with each other and they classify the object cooperatively using
confirmatory looks. When a classification is made, they decide whether or not an attack
should be made on the target, and if an attack is to be made which munition will be

assigned to attack.
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Benefit calculations will be used to decide which actions to take, and possible
tasks are assigned to the vehiclesin a way to optimize overall benefit of the group. These
possible tasks are confirming the classification of the object, executing an attack on a
classified target, or continuing to search for other valid targets. The benefit calculations
will be probabilities of success based on the outcomes of search and attack, and their

implementation will be discussed in the next chapter.
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[11. Simulation Program

The MultiUAV simulation used in this research was developed by AFRL/VACA as a
development tool r their research on cooperative vehicles. MultiUAV can simulate
multiple unmanned air vehicles (UAVS) which can cooperatively act to accomplish a
predetermined task (10). MultiUAV was developed using Matlab, Simulink and
Microsoft Visua C++ (MSVC++)(12). The MultiUAV simulation obtained from VACA
was modified to implement some of the objectives of this research These modifications
and the specifications of the origina simulation will be discussed in this chapter.

MultiUAV s still under continuous development.

3.1 Original Simulation

3.1.1 General. The originad simulation developed by AFRL/VACA was
capable of smulating eight vehicles searching an area that contains a maximum of ten
targets. Simulated vehicles have embedded flight software (EFS) that can be used to
implement cooperative control algorithms and vehicle dynamics. MultiUAV offers tools
for plotting the simulation results, and saving data for playback and animation (10).

The number of the vehicles can be changed from 1 to 8 by using a graphical user
interface (GUI) provided by the smulation. Increasing the number of vehicles requires
complex procedures and is beyond the scope of this research. AFRL has immediate plans
to make connections between vehicles in MultiUAV more flexible so that users can add
additional vehicles to the simulation (10).

Simulation begins by the random placement of the targets in the search area and the
placement of the autonomous vehicles at their initial positions. The vehicles then fly

specified routes to search the area for possible targets. When an object enters a vehicle's
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field of regard it is detected by the sensor of the vehicle and a classification is made as a
real target or anon target. A confidence of correct classification for the object is assigned
depending on the angle from which the target is viewed by the vehicle. This confidence
level has an effect on the task assignment for cooperative munitions because a specified
level of confidence must be attained before any attack can occur.
There are certain tasks that a vehicle can perform after classification of the object.
These tasks are assigned in away to maximize the overal benefit (10) (12).
Continue searching ( If the object is classified as a non-target or
the calculated benefit of search is greater than the attack benefit)
Attack (Execute an attack on the object that has been classified as
atarget)
Reclassify ( If the confidence in target classification is less than the
predetermined threshold )
Verify (Perform Battle Damage Assessment (BDA)).
Vehicles continue to perform these assigned tasks until the total simulation time is
expired, at which time the smulation terminates. For this research, atotal simulation time
of 1200 seconds was used.

3.1.2 Task Assignments. Task assignments are determined by implementing a
network optimization model. Currently the simulation uses a Capacitated Transshipment
Problem (CTP), a specia case of linear programming, to perform the task allocation
routine. Tasks are assigned to the munitions in a way that maximizes the overall benefits
to the multi- munition system. The capacitated transshipment problem is solved every

time when a change occurs in atarget state, or when specified time intervals are reached.
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As listed in the previous section, possible tasks are to continue searching, attack,
reclassify, and verify.

3.1.3 Automatic Target Recognition Algorithm. When a vehicle encounters
an object in the original Simulation, it classifies the object based on truth information. It
then calculates a confidence level for the classification that has been made depending on
the view angle for the object. Vehicles are not alowed to misclassify the objects, thus
eliminating any possibility for false target attack. Although we would certainly like ©
minimize the number of false targets attacks, it is unreasonable to expect that we can
entirely eliminate the possibility of occurrence.

Once classified, a calculated confidence level is compared with the predetermined
threshold. If the confidence level is less than the threshold another vehicle may be
assigned to classify the object depending on the benefit calculation results. Confidence
levels for individual vehicles are then combined into a single value and this new metric
will be compared to the threshold. The object stays detected but not classified until the
confidence becomes greater than the threshold.

It is not possible to have a perfect ATR agorithm. There will be some errors in the
ATR system of a real munition and this error should be modeled within the simulation.
Modifications to the ATR algorithm of the ssmulation will be discussed in section 3.2.7.

3.1.4 Warhead Lethality. When a vehicle executes an attack on atarget, the
target is considered as dead if the bomb drops within a predetermined radius from the
target. While this is not an unreasonable approach for large general purpose bombs, the

fidelity of the smulation is insufficient to assess the guidance accuracy and the precise
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pointing required for small warheads. An aternative approach to modeling lethality will
be used as described in the next section.

3.1.5 Battle Damage Assessment (BDA). After a target has been attacked,
another vehicle may be assigned to perform BDA. Since all attacks result in a kill in the
original simulation the vehicle that performs the BDA merely confirms the kill. Having
100% warhead lethality and perfect BDA sensor results in the loss of search time only.
There is never any misinformation introduced by the BDA process. This issue aso will
be discussed in the next section.

3.1.6 Communications. In the original simulation communications are global
and reliable. Information is available to all vehicles and there are no errors, loss or bad
information broadcasted between the vehicles. Only the truth information is broadcast
between vehicles, and vehicles decide cooperatively what to do based on this perfect

information. Decisions and task assignments are made based on this truth information.

3.2 Simulation M odifications

In order to adapt the simulation program to the objectives of this research there
were severa required modifications. The modifications are listed below and will be
discussed in more detail in the following subsections.

Increasing the maximum number of targets

Adding logic to separate sensed information from truth information
ATR agorithm modifications

Adding warhead lethality options

Benefit and task assignment calculations
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Battle damage assessment
Obtaining the desired statistical data
3.2.1 Modifying Maximum Number of Targets. For the purposes of this

research targets are uniformly distributed in a uniform field of false targets. While the
analytical results of the previous section assumed a Poisson field of false targets, this
research fixed the number of nontarget objects, and uniformly distributed them on the
battlefield. In order to employ false targets as well as real targets the maximum number
of the targets needed to be increased. The maximum number of targets increased from 10
to 32 to accommodate the desired number of the rea targets and false targets. As
discussed in the previous chapter, FTAR is the product of the probability that the vehicle
will attack an encountered false target and the average density of the nontargets in the
search area. The probability of target declaration and attack is determined by the
confusion matrix entries, and the non-target density adjusted by adding or removing non
targets.

Distinguishing between the target types and target priorities is also considered
an important factor that should be used to evaluate the effectiveness of cooperative
behavior. If munitions come across a low priority target and choose to attack in the early
stages of the search, they may miss higher probability targets elsewhere in the searchable
area. Two types of targets were used in this research; high and low priority targets. Two
high priority and four low priority targets are employed along with 26 false targets,
resulting ?r1 = 0.1.

3.2.2 Separation of Truth and Sensed Information. In the original simulation

truth information is broadcast between vehicles. Task assignments, classification of
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targets, benefit calculations and targets states are al based on truth information As a
result, decisions made will also be depending on the same truth information. Although
the truth information affects the overall simulation results and effectiveness of
cooperative behavior of the vehicles in a positive way, it is not realistic to expect the
availability of truth information on the battlefield. Therefore, the favorable results
obtained are an overly optimistic prediction.

In real life it is not certain that truth information will be obtained. There are
sometimes errors in identification or loss of information. Dunkel (1) made some
modifications; as an extension to this work logic was added to the simulation to further
distinguish between truth and sensed information. The simulation keeps track of the
sensed information generated by the vehicles as well as the truth information. For the
purposes of this research, benefit calculations, task assignments and decisions are made
according to sensed information. The accuracy of the sensed information broadcast
between cooperative munitions will affect the overall results of the simulation much more
so than for the case of non-cooperative munitions. For cooperative cases the effect is
more detrimental since the bad information will be used by not only the vehicle that
created the incorrect information, but also the other vehicles making decisions based on
it. This will affect the overall performance of the cooperative behavior agorithms. For
the case of no-cooperation these effects may be less significant because bad information
will be used only by the vehicle which declared it in the first place.

3.2.3 Automatic Target Recognition Algorithm Modifications. While
evaluating the effectiveness of cooperative behavior in wide area search munitions false

target attacks due to the misidentification of objects must be considered as a mgor
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performance measure (6). False target attacks cause the loss of valuable munitions and
result in collateral damage, hence raising political and moral implications. False target
attacks are caused by misidentification of a nontarget as a real target, and it is very
important to account for the possibility of these fase classifications in a simulation
designated for the evaluation of cooperative vehicle effectiveness.

ATR errors enter into the simulation program through the confusion matrices
described in chapter 11, and as defined in the simulation. When a vehicle encounters an
object, the object will be classified based on the result of a function call which uses true
target types, a random number draw and probability entries in the confusion matrix. This
final classification is used for benefit calculation and task alocation. By adjusting the
probabilities in the confusion matrix different ATR performance levels can be modeled.
By letting vehicles misidentify objects the ATR algorithm is more realistic to actual
battlefield characteristics.

3.2.4 Warhead L ethality. Modifications were made to implement various low
lethality warheads. Fifty percent and eighty percent numbers for warhead lethality are
used in both no cooperation and cooperative classification and engagement scenarios.
The attack outcome is determined using a random draw and the warhead |ethality figure,
Pk Pk represents a probability of kill given initiation of attack, and it includes a
composite of guidance accuracy, warhead reliability, and lethality given hit on the target.

When a munition executes an attack on a target, a random draw is made and is
compared to the Pk value that is hard coded depending on the scenario. If the random
number is less than the probability of kill, then the target is considered as killed. However

this information is not passed to the other vehicles since the attacking vehicle is already
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dead. Therefore, the other vehicles only know that an attack has been made on that
particular target but they do not have any information regarding the success of attack. A
previous attack is used as a degrading factor for the attack benefit calculations and will be
discussed in the related subsection.

3.2.5 Battle Damage Assessment. For the scope of this research the BDA task
is eliminated by setting the task value of performing BDA to zero.

3.2.6 Benefit and Task Assignment Calculations. The original simulation uses
heuristics benefit calculations. In this research a new benefit calculation method proposed
by Dunkel is used (1). This approach bases the task benefits on the probabilities of
successful attack and search derived in chapter I1. A formula for the calculation of search

benefit can be expressed as:

Search Benefit = x XP (3.)

where Py is the probability of successful search and x is a weighting factor. The
weighting parameter x is the relative advantage of continuing to search for new targets
over executing an attack on an already known target, and can vary between 0 and 1.
When x is O the search benefit will be zero and it will never be beneficial to search for
additional targets. On the other hand, vehicles will always continue to search for
additional targets rather than attacking the known ones when x is 1. Dunkel used this

weighting function to fine-tune the performance of the cooperative multi- munition

system (1).

Various factors affect the task value and probability of a successful attack such as;
probability of the target being aive, time needed by the vehicle to reach the target, the

probability that the target classification is correct, and different types of targets and target

27



priorities. While the outcomes of previous attacks are known within the simulation, this
information is not passed to the other vehicles since the attacking vehicle is aready dead.
Therefore, the other vehicles only know that an attack has been made on that particular
target. One vehicle can execute an attack on a target that has already been attacked by
another vehicle, but the probability of a target being alive after n previous attack is used
as a degrading factor in the benefit calculation. This prevents an excessive number of
attacks on aready attacked targets. Assuming independent events the probability that a

target is still aive after n attacks have been made on the target  can be expressed as.
P aliveinattacks = (1 -Px) " (3.2

Varying target priorities is also an important factor that should be considered for
attack benefit calculations. For this research two types of real targets are assumed to exist
on the battlefield. Target Type 1 is considered a high priority target and Target Type 2 is
considered alow priority target. A weighting parameter, b is used in benefit calculations
to reflect the value of low priority targets relative to that of high priority targets. When b
equals 1 low priority targets will be as valuable as high priority targets, and the benefits
of attacking either target will be the same. For this research a fixed value of 0.5 is used

for the weighting parameter b. Attack benefit formulas can be expressed as:

Target Typel:  Attack Benefit = (1-x).(1-Px)" . Pg (3.3
Target Type2:  Attack Benefit= (1-x).b.(1-Px)". Px (3.9
Non-Target (False Target):  Attack Benefit = 0 (3.5
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where (1 - Xx) is the weighting parameter associated with attacking a target rather than
continuing to search for additional targets. As it can be seen the weighting parameter for
attacking a target is the complement of the weighting parameter for search, x. Increasing

the value of x, reduces the attack benefits.

3.2.7 Obtaining the Desired Statistical Data and Other Modifications. In
order to obtain the desired statistical data some maodifications were made. For the
purposes of this study, the number of real targets kills, number of false targets kills,
number of attacks executed on real and false targets and number of total attacks
(including multiple attacks on a target or false target) were gathered. In addition to
modifications mentioned in this chapter, there are other modifications made to change the

simulation parameters easily without affecting the actual simulation algorithm.
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V. Simulation Resultsand Analysis

In this research the effectiveness of autonomous wide area search munitions is
investigated by applying cooperative and noncooperative behavior algorithms under
various scenarios. These scenarios are defined by several parameters:

1. Warhead lethality

2. ATR performance

3. Search weight

4. Number of munitions and targets
5. Fasetarget attack rate (FTAR)

Other parameters such as search rate and search patterns are held constant in this
research. While warhead lethality, and ATR capability depend on the munition’s
technical features, the number of munitions and search weight are determined by the
operational concepts and &ctics. Two other characteristics related to the search area
(bettlefield) specifications are the target and false target densities. As discussed in
previous chapters these densities are kept constant with six real targets (two Type 1, four
Type 2) and 26 fase targets in the search area. The specific parameters that are varied in
the simulation are shown in Table 3.

Table 3 Specific Simulation Parameters

Pk Probability of kill 0.5,0.8
Prr Probability of target report 0.8, 0.95
FTAR False target attack rate 0.002, 0.02

Nm Number of munitions 4,8
? Search Weight 0.25,0.42
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The number of attacks made by munitions on real or false targets and the lethality of
those attacks are the key elements for mission success and effectiveness, and
subsequently the performance of cooperative and noncooperative wide area search
munitions. The specific responses selected are number of killed targets, total number of
attacks on false targets, total number of attacks, number of false targets attacked, number
of real targets attacked, and the number of attacks executed on high and low priority
targets. Finally, a hit formula that assigns 2 points to a priority one target kill, 1 point for
a priority two target and -1 point for a false target attack is calculated. The following
sections present the performance of cooperative and non-cooperative algorithms for
varying values of the munition and scenario parameters.

Cooperative cases and non-cooperative cases are considered under the same
conditions and parameters through various scenarios. Munitions act individualy in non
cooperative cases. A munition searches by itself looking for possible targets. When it
encounters an object, it classifies the target by using ATR system, and when a
classification is made it decides whether to execute an attack on the target or continue
searching for another target. Non-cooperative munitions will not attack any of the targets
that have been classified by any other vehicles unless they are encountered during their
individual search In cooperative cases munitions act as a group to accomplish the tasks
and maximize the overall benefit for the system. Munitions communicate with each other
and classify the object cooperatively. When a classification is made, they decide whether
or not an attack should be made on the target, and if an attack is to be made which
munition will be assigned to attack. According to benefit calculations munitions decide

which actions to take and possible tasks are assigned to the vehicles in away to optimize
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overall benefit of the group. These possible tasks are reclassifying the object, executing

an attack on a classified target or continuing to search for other valid targets.

4.1 Warhead L ethality Effects

Warhead lethality is one of the most important factors in determining the
performance of the munitions. In this section the performance of cooperative and non
cooperative munitions will be examined by applying low and high warhead lethality into
the smulation.

Table 4 shows the performance of cooperative and non-cooperative behavior for
a low warhead lethality Px =0.5). Except in three of the scenarios, non-cooperative
behavior resulted in more rea target kills than the cooperative behavior. Cooperative
behavior did not improve the number of killed targets; actually there is a decrease in
number of kills between 2 to 57 percent through the different scenarios. These results are

similar to those of Dunkel (1).

Table4 Number of Killed Targets/False Target Attacksat Low Warhead L ethality

No-cooperation Coopetation # of Kille False Target

Py FTAR |#Munition| Py Weight & | #of Kills | # of FTA | #of Kills #of FTA | Improvement |Attack Decrease
08 0.42 0.5500 | 0.1000 0.2833 o -48.5% -100.0%
4 : 0.25 1.2333 | 0.2000 0.7333 a -40.5% -100.0%
0.95 0.42 0.6500 | 0.0B67 0.4500 o -30.8% -100.0%
0.002 0.25 13667 | 01833 1.0833 a -207% -100.0%
0a 0.42 0.8667 | 0.2500 0.4500 a -45.1% -100.0%
g 025 22167 | 056333 1.4500 o 34 6% -100.0%
0.5 042 0.9600 | 02833 0.6167 a -35.1% -100.0%
05 0.25 25633 | 04333 21333 a -17.4% -100.0%
08 0.42 0.5000 | 1.0887 0.2167 0. 1667 5.7 % -84 4%
1 : 0.25 0.8000 | 1.7667 0.6667 0.2667 -16.7% -54.9%
0.95 0.42 06333 | 1.0000 0.2833 0.1500 -55.3% -36.0%
0.02 025 09333 | 16500 0.9500 0.2833 1.8% -82.8%
08 042 0.8500 | 24000 0.4167 0.3000 51.0% 47.6%
7 ' 0.25 1.6000 | 35667 1 BEG7 05167 4.2% 35.5%
0.95 0.42 08667 | 23833 0.5167 0.2167 -40.4% -90.9%
0.25 1.8333 | 3.2500 1.8667 0.6333 1.8% -00.5%
OVERALL PREFORMANCE 1.152083 | 1.1956833 | 0.661456333 | 0.15833333 26.2% -06.6%
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Cooperative behavior has significantly decreased the number of False Target
Attacks (FTA). While nortcooperative munitions attack significant numbers of false
targets, the cooperative munitions execute very few attacks on false targets. Thisis not a
surprising result. Since cooperative munitions classify targets cooperatively, the effective
false target attack rate is reduced. This also partially explains the decrease in real target
attacks; the cooperative behavior effectively reduces the probability of correct target
report. There is an 86.8% decrease in the false target attacks as a result of cooperative
behavior. Thisis a promising improvement for wide area search munitions.

Table 5 shows the performance of cooperative and non-cooperative behavior for
high warhead lethality (Px =0.8). Non-cooperative munitions again kill more redl targets
than the cooperative munitions for al given scenarios. The decrease in number of killed
targets varies between 15 to 48 percent throughout the different scenarios. Overall, the
decrease in the number of killed targets for high warhead lethality cases is 29.3%.
Cooperative behavior was less beneficia in high warhead lethality cases than it was for
low lethality cases. This is because there is less need for multiple attacks on a real target
in order to achieve atarget kill. High warhead lethality reduces the benefit of executing
additional attacks on previously attacked targets. Recall the factor (1-Pk)" from previous
chapters. As a result, munitions prefer to attack targets that have not previously been
attacked as they would under non-cooperative conditions.

While the decrease in real target kills is regrettable, it may be an acceptable trade for
some scenarios given the significant reduction in false target attacks and collateral

damage. Of interest is that the combination of low Pk and higher FTAR are the scenarios
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where cooperative behavior is most beneficial. Further, this scenario is the most likely for

asmal, low cost-munition.

Table5 Number of Killed Targets/False Target Attacks at High Warhead L ethality

No-cooperation Coopetation # of Kills False Target

Pg FTAR |#Munition| P Weight£ | # of Kills | # of FTA | # of Kills #of FTA | Improvement |Attack Decrease
08 0.42 08167 | 01000 0.4333 a -46.9% -100.0%
4 ' 0.25 20167 | 02167 1.1833 i] -41.3% -100.0%
0.95 0.42 10333 | 0.0BE7 0.B&00 1] -7 1% -100.0%
000 0.25 22833 | 02000 16167 a 29 2% -100.0%
08 0.42 1.2333 | 02600 07167 a -41.9% -100.0%
g ' .25 31ER7 | 04333 22500 1] -28.9% -100.0%
0.95 0.42 14333 | 02833 0 9667 1] -32 6% -100.0%
08 0.25 3.8833 | 0.3667 3.0333 a -21.9% -100.0%
08 0.42 0.7167 1.0667 (.3667 01667 -48.8% -04.4%
4 ' .25 1 4667 18167 1.0500 0. 2FR7 =28 4% -5 3%
0.95 0.42 09167 1.0000 04833 0.1500 A7 3% -25.0%
002 0.25 1.7000 1.6833 1.4500 .2333 147 % -36.1%
08 0.42 11667 | 24000 0.6833 0.3000 -41.4% -87.5%
a ' .25 2 7ER7 | 3.5BR7 22000 [.5FR7 -205% -84 1%
0.95 0.42 1.3000 | 23833 (1.8833 0.2167 -2 1% -90.9%
0.25 30833 | 31833 25333 .4667 -17.8% -35.3%
OWERALL PREFORMARMNCE 1811458 | 1188542 | 128125 | 014791667 =29 3% -7 6%

4.2 ATR Capability Effects

The automatic target recognition system is used by munitions to identify the
object they encounter while searching the battlefield for valid targets. The ability of a
munition to correctly identify the objects is defined by the probability of target report
(Ptr), as described in chapter I1. In this section the effects of Ptr on the performance of
the cooperative and non-cooperative munitions will be discussed.

The performance of cooperative and non-cooperative behavior for low ATR
capability Ptr = 0.8) is shown in Table 6, and high ATR capability Prr = 0.95) is

shown in Table 7.



Table 6 Number of Killed Targets/False Target Attacks at Low ATR Capability

Mo-coopetation Cooperation # of Kills False Target

P P FTAR |#Munition| Weight £ | # of Kills | # of FTA | # of Kills #of FTA | Improvement |Attack Decrease
1 0.42| 05500 | D.1000 0.2833 a -48.5% -100.0%
0.002 0.25] 12333 | 0.2000 0.7333 o -A0.5% -100.0%
3 042 0.8667 | 02500 0.4500 1] -48.1% -100.0%
05 0.25] 22167 | 05333 1.4500 1] -34.6% -100.0%
’ 1 042 08167 | 0.1000 0.4333 1 -16.9% -100.0%
00 0.258] 20167 | 02167 1.1833 o -11.3% -100.0%
) g 042] 12333 | 02500 0.7167 1] -11.9% -100.0%
08 0.25] 31667 | 04333 22500 o -28.9% -100.0%
) 4 0.42| 08000 | 1.0867 0.2167 0. 1867 B6.7% -84.4%
0.002 0.25] 0.8000 | 1.7867 06867 0.2867 -16.7% -84.9%
' g 0.42| 0.6500 | 2.4000 04167 0.3000 -51.0% -87.5%
0a 025 1.6000 | 3.5667 1.6667 0.5187 4.2% -55.5%
’ 1 042 07167 | 1.0867 0.3667 0.1667 -45.8% -54.4%
002 025 1.4667 | 1.8167 1.0500 0.2667 -28.4% -35.3%
' g 042 11867 | 2.4000 0.6533 0.3000 -41.4% 87.5%
0.25| 27667 | 3.5667 2.2000 0.5667 -20.5% 94.1%
OVERALL PREFORMANCE 1.372917 | 1.2333533 | 0.922916667 | 0.1559375 -32.8% B71%

Table7 Number of Killed Targets/False Target Attacks at High ATR Capability

Mo-cooperation Cooperation # of Kills False Target

Py, P FTAR |#Munition| Weight £ | # of Kills | # of FTA | #of Kills #of FTA | Improvement |Attack Decrease
1 0.42| 06500 | 0.0867 0.4500 a -30.8% -100.0%
0.00 0.25] 136867 | 0.1833 1.0833 o 207 % -100.0%
g 0.42| 09500 | 0.2833 05167 a -35.1% -100.0%
05 0.25] 25833 | 04333 21333 1 S174% -100.0%
’ 1 042 1.0333 | 0.0867 0.8500 a W% -100.0%
00 0.25] 22433 | 0.2000 1.6167 o 29.2% -100.0%
' g 042 14333 | 0.2833 0.9667 a -32.6% -100.0%
0.95 0.25] 38433 | D.38E7 3.0333 a 21.9% -100.0%
' 1 042 06333 | 1.0000 0.2633 0.1500 -55.3% -35.0%
0.002 0.25] 05353 | 16500 0.8500 0.2833 1.8% -82.8%
' g 0.42| 06667 | 2.3833 05167 02167 -40.4% 90.9%
04 0.25] 18353 | 32500 1.866/ 0.6333 1.8% -80.5%
' 1 042 0.9167 | 1.0000 0.4533 0.1500 47 3% -35.0%
002 025 1.7000 | 1.6833 1.4500 0.2333 -14.7 % -56.1%
' 5 0.42| 1.3000 | 2.3833 0.8633 0.216e7 32.1% -90.9%
025 3.0833 | 3.1833 25333 0.4667 -17 5% -35.3%
OVERALL PREFORMANCE 1.590625 | 1.151042 [ 1.219791667 | 0.146875 23.3% -B7.2%

The high ATR capability scenarios for both noncooperative and cooperative
munitions achieved better results as compared to the low ATR capability cases. ATR
systems with high Prr produce more certain classification of the objects leading to a

reduction in missed targets. Of note, cooperative behavior was more beneficial for cases
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of high Ptr than it was for low Prr. While the average false target attack decrease was not
sufficiently different for the two cases, (87.2% vs. 87.1%), the decrease in real target
attacks was significantly less for the high Prr case (-23.3%) than it was for the low P1r
case (32.8%).

4.3 Effects of Number of Munitions

The performance of cooperative and non-cooperative behavior for 4 and 8
munitions is examined in this section. Simulation results for 4 munition scenarios are
shown in Table 8, and the 8 munition results are shown in Table 9. It is seen that there is
32.5% percent decrease in number of targets killed and 86.2% less false targets attacks
for 4 munitions scerarios and 24.9% percent decrease in number of targets and 87.6%

less false targets attacks for 8 munitions scenarios.

Table8 Number of Killed Targets/False Target Attacks for 4 Munitions

Ho-cooperation Cooperation i of Kills False Target

HMunition| FTAR Py Prg Weight & | # of Kills | # of FTA | # of Kills | # of FTA | Improvement | Attack Decrease
08 042 05500 | 01000 |0.283333 0 -45.5% -100.0%
05 ] 0.2a 1.2333 | 0.2000 |0733333 I -40.5% -100.0%
0.95 0.42 065500 | 0.0867 0.45 I -30.5% -100.0%
0,00 0.2a 1.3667 | 01833 |1.083333 0 -20.7 % -100.0%
0.8 0.42 08167 | 01000 |0.433333 I -46.9% -100.0%
08 0.25 2067 | 02167 | 1.183333 0 -41.3% -100.0%
0.95 0.42 1.0333 | D.0667 0.pa I -37 1% -100.0%
1 0.25 22833 | 0.2000 | 1616667 0 -29.2% -100.0%
0.8 0.42 05000 | 1.0867 |0.216667 | 0. 166667 -06.7 % -84.4%
05 025 0.8000 | 17667 |0BEERE? | 0 26567 -16.7 % -84 9%
0.95 0.42 06333 | 1.0000 0283333 015 -55.3% -85.0%
002 0.25 059333 | 1.6500 085 0283333 1.8% -82.5%
0.8 0.42 07167 | 1.0867 | 0366667 | 0. 16E6ET -48.8% -84.4%
08 0.25 14667 | 18187 1.05 | 0.2666E7 -28.4% -85.3%
0.95 0.42 0.9167 | 1.0000 |0.483333| 0.15 -47.3% -85.0%
0.2a 1.7000 | 1.6833 1,456 |0.233333 -14.7 % -86.1%
OWVERALL PREFORMANCE 1.101042 | 0761455 | 074375 | 0.105208 -32.5% -06.2%
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Table 9 Number of Killed Targets/False Target Attacksfor 8 Munitions

Huo-coopetation Cooperation # of Kills False Target

#Munition| FTAR Pr Pr Weight & | # of Kills | # of FTA | # of Kills | # of FTA | Improvement | AttackDecrease
0.8 0.42 0.8667 | 02500 | 0.4500 a -48.1% -100.0%
05 : 0.25 22167 | 05333 | 1.4500 a -34.6% -100.0%
095 0.42 09500 | 02833 | 06167 a -35.1% -100.0%
0002 0.25 25833 | 04333 | 21333 a 17 4% -100.0%
0.8 0.42 1.2333 | 02500 | 07167 a -41.9% -100.0%
08 0.25 31667 | 04333 | 2.2500 a -28.9% -100.0%
095 0.42 1.4333 | 02833 | 0.9867 a -32.6% -100.0%
8 ' 0.25 38633 | 03667 | 3.0333 a -21.9% -100.0%
0.8 0.42 0.8500 | 24000 [ 04167 | 0.3000 -51.0% -87.5%
05 : 0.25 1.6000 | 35667 | 16667 | 0.5167 4.2% -85.5%
095 0.42 0.B667 | 23833 [ 045167 | 02167 -40.4% -90.9%
0.0z 0.25 1.8333 | 32500 | 1.8667 | 0.6333 1.8% -80.5%
0.8 0.42 11867 | 2.4000 | 06533 | 0.3000 -41.4% -87.5%
i 0.25 27667 | 38667 [ 2.2000 | 05667 -20.5% -84.1%
095 0.42 1.3000 | 23833 | 08633 | 0.2167 -32.1% -90.9%
0.2 30833 | 31833 [ 25333 | 04667 -17.8% -35.3%
OVERALL PREFORMANCE 1.68625 | 1.622917 | 1.39895G | 0.201042 -24.9% -87.6%

The ratio of killed targets to the number of munitions represents the effectiveness
of the munitions. For non-cooperative 4 munition and 8 munition scenarios, the
effectiveness is 27.5% and 23.2% respectively. And for cooperative 4 and 8 munition
scenarios the effectiveness of the munition is 18.5% and 17.4% respectively. The
effectiveness of munitions for both cooperative and norncooperative 8 munitions
scenarios is lower than the 4 munition scenarios. Note, however, that there is less of a
reduction in effectiveness due to the cooperation when greater numbers of munitions are

available.
4.4 Search Weight Effects

Table 10 shows the performance of cooperative and non cooperative behavior
when they operate under low search weight, and Table 11 shows similar results for the
cases where a high search weight was used. It is seen that search weight has a very

important effect on the number of attacks for both cooperative and non-cooperative
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munition performance. Recall that search weight is the relative benefit of continuing to

search for additional new valid targets compared to attacking already known targets.

Table 10 Number of Killed Targets/False Target Attacksat L ow Search Weight

No-coopetation Cooperation i of Kills False Target
Weight & Px FTAR [#Munition| Py #of Kills | # of FTA | # of Kills | # of FTA | Improvement | Attack Decrease
1 0.8 12333 | 0.2000 | 07333 | 0.0000 -40.6% -100.0%
0,002 0.85 1.3667 [ 0.1833 | 1.0833 | 0.0000 -20.7% -100.0%
g 0.8 22167 | 05333 | 14500 [ 0.0000 -34 6% -100.0%
05 0.85 25833 | 04333 | 21333 | 0.0000 17 4% -100.0%
' 1 0.8 20167 | 02167 | 11833 [ 0.0000 -41.3% -100.0%
0.02 055 226833 | 02000 | 16167 [ 0.0000 29 2% -100.0%
] 0.8 31667 | 04333 | 22800 | 0.0000 -28.9% -100.0%
0.%5 055 38833 | O36k7 | 30333 [ 0.0000 -2.9% -100.0%
4 0.8 0.8000 | 1.7667 | 0.BEET | 0.2867 -16.7% -54.9%
0,002 085 05333 | 16500 | 09500 [ 02333 1.8% -82.8%
g g 0.8 1.6000 [ 38667 | 16667 | 045167 12% -35.5%
08 085 18333 | 32500 | 18667 | 0B333 1.8% -80.5%
' 1 0.8 14667 | 1.8167 | 10500 | 02667 -28.4% -85.3%
00 085 1.7000 [ 16833 | 14500 | 0.2333 14.7% 36.1%
g 0.8 27667 | 386R7 | 22000 [ 0.5RE7 -20.6% -84.1%
0.85 30833 | 31833 | 25333 | 0.4667 -17 6% -35.3%
OYERALL PREFORMANCE 20583 | 14406 | 18167 | 02021 -21.5% -96.0%
Table 11 Number of Killed Targets/False Target Attacks at High Search Weight
No-coopetation Cooperation # of Kills False Target
Weight & Py FTAE |#Munition| Prg #ofKills | # of FTA | # of Kills | # of FTA | Improvement | Attack Decrease
1 0.8 05500 | 01000 | 0.2833 | 0.0000 -48.5% -100.0%
0,002 0.85 06500 | O.0B&7 | 0.4500 | 0.0000 -30.5% -100.0%
g 0.8 0.8667 | 02500 | 0.4500 | 0.0000 -48.1% -100.0%
05 085 05500 | 02833 | 0B167 | 0.0000 -35.1% -100.0%
' 1 0.8 08167 | 01000 | 0.4333 | 0.0000 -46.9% -100.0%
0.0 0.35 1.0333 [ 0.06k7 | O.B500 | 0.0000 -3 1% -100.0%
’ g 0.8 12333 [ 02500 | 07167 | 0.0000 -41.9% -100.0%
0.47 0.85 14333 [ 0.2633 | 09667 | 0.0000 -32 6% -100.0%
’ 1 0.8 05000 | 1.0667 | 02167 | 0.1B67 -56.7 % -84.4%
0,002 095 06333 | 1.0000 | 02833 | 01500 -55.3% -35.0%
q 0.8 0.8500 | 24000 | 0.4167 | 0.3000 -51.0% -37.5%
0.8 0.35 08667 | 23833 | 05167 | 02167 -40.4% 90.9%
' p 08 07167 | 10667 | 03667 | 01667 -48.8% -84 4%
02 0.85 058167 | 1.0000 | 0.4833 | 0.1500 47 3% -35.0%
' g 0.8 11667 [ 24000 | 06833 | 0.3000 -41.4% 47.5%
0.95 1.3000 | 23333 | 08333 | 02167 -32.1% -90.9%
CWYERALL PREFORMANCE 05052 | 05435 | 05260 | 0.1042 -41.9% -89.0%

At low search weight both no cooperation and cooperation execute more attacks
on targets than they do for high search weights. It is seen that high search weight has

decreased the number of killed targets drastically. This is due to the fact that munitions
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prefer to continue to search for additional targets instead of attacking the already known
ones. Although a value of 0.5 would set the search and attack benefits equal to their
calculated probabilities of success, however, this research, as in previous research by

Dunkel (1), demonstrated the need to adjust the weights accordingly.

4.5 False Target Attack Rate Effects

As discussed in previous chapters false target attack rate (FTAR) is a very
important measure for evaluating the effectiveness of wide area search munitions. The
next two tables show the effects of FTAR on the performance of cooperative and non
cooperative munitions.

Table 12 shows the performance of cooperative and non-cooperative behavior at
low FTAR values and Table 13 shows the comparative performance for a higher FTAR
value. As it can be seen from the table non-cooperative behavior killed more targets than
the cooperative behavior. On the other hand cooperative behavior executes very few false

target attacks. This is a very important consideration for cooperative algorithms.

Table 12 Number of Killed Targets/False Target Attacksat Low FTAR

No-cooperation Cooperation # of Kills False Target

FTAR P |#Munition| Prg | Weight® | # of Kills | # of FTA | #ofKills | # of FTA | Improvement | AttackDecrease
05 0.42 05500 | 01000 | 02833 | 0.0000 -48.5% -100.0%
1 : 0.25 12333 | 0.2000 | 07333 | 0.0000 -40.5% -100.0%
0.95 0.42 06500 | 0067 | 04500 | 0.0000 -30.6% -100.0%
05 0.25 13667 | 01833 | 1.0833 | 0.0000 -20.7% -100.0%
08 0.42 0867 | 02500 | 0.4500 | 0.0000 -48.1% -100.0%
g ' 0.25 22167 | 06333 | 1.4500 | 0.0000 -34.6% -100.0%
0.95 0.42 09500 | 02833 | 06167 | 0.0000 -35.1% -100.0%
000 0.25 256833 | 04333 | 21333 | 0.0000 -17.4% -100.0%
08 0.42 08167 | 01000 | 04333 | 0.0000 -46.9% -100.0%
1 ' 0.25 2067 | 02167 | 1.1833 | 0.0000 -41.3% -100.0%
0.95 0.42 10333 | 00667 | 06500 | 0.0000 -37.1% -100.0%
048 0.25 22833 | 02000 | 16167 | 0.0000 -29.2% -100.0%
08 0.42 12333 | 02500 | 07167 | 0.0000 -41.9% -100.0%
g ' 0.25 31867 | 04333 | 22500 | 0.0000 -28.9% -100.0%
0.9 0.42 14333 | 02833 | 09667 | 0.0000 -32.6% -100.0%
' 0.25 385833 | 03667 | 30333 | 0.0000 -21.9% -100.0%
OVERALL PREFORMANCE 1427 | 02479 | 11281 | 0.0000 -31.3% -100.0%
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This may indicate that for moderate to high FTAR rate cooperative behavior can improve
the overal performance by reducing the number of false target attacks, leaving more

munitions available to find and attack real targets.

Table 13 Number of Killed Targets/False Target Attacksat High FTAR

No-cooperation Cooperation # of Kills False Target

FTAR P #hunition|  Prg Weight & | # of Kills | # of FTA | # of Kills | # of FTA | Improvement | AttackDecrease
08 0.42 05000 | 10667 | 02167 | 01667 -06.7 % -04.4%
1 ' 0.25 08000 | 17667 | OBERY | D.26R7 -167% -84.9%
0.95 0.42 0B333 | 1.0000 | 02833 | 0.1500 -55.3% -85.0%
05 0.25 059333 | 16500 | 09500 | 0.2533 1.6% -82.8%
0 0.42 08500 | 2.4000 | 04167 | 0.3000 -51.0% -87.6%
g ' 0.24 16000 | 36667 [ 16667 | DA&167 4.2% -55.5%
0.95 0.42 08667 | 23333 | 05167 | D216/ -40.4% -90.9%
00 0.25 18333 | 3.2500 | 1.8667 | 0.6333 1.6% -80.5%
08 0.42 07167 | 1.0667 | 03667 | 01667 -48.5% -84.4%
1 0.25 14667 | 18167 | 1.0500 | 0.2667 -28.4% -85.3%
0.95 0.42 09167 | 1.0000 | 04833 | 0.1500 47 3% -85.0%
08 0.25 17000 | 16833 [ 14500 | 02333 -14.7% -86.1%
08 0.42 11667 | 24000 | 06533 | 0.3000 -11.4% -87.6%
g ' 0.25 2767 | 356E7 | 22000 | O.56ES -20.5% -84.1%
0.5 0.42 13000 | 23533 | 08833 | 0.2167 -32.1% -90.9%
0.24 30633 | 31833 | 25333 | D.4667 -17 8% -85.3%
OWERALL PREFORMANCE 13208 | 21385 [ 10146 | 03063 -23.2% -85.7%

4.6 Overall results.

As discussed in previous sections non-cooperative munitions perform better than
the cooperative munitions in terms of number of killed targets, and cooperative munitions
reduced the number of false target attacks to near zero! Table 14 shows the overal results
of al scenarios for number of killed targets and number of attacks executed on the false
targets. Non-cooperative munitions executed more attacks on both real targets and false
targets, resulting in more killed targets and false targets attacks and kills. Cooperative
behavior in wide area search munitions did not improve the number of targets killed, but

decreased the number of false targets attacks significantly compared to non-cooperative
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behavior. Cooperative behavior decreased the number of killed targets by 27.7% and also
decreased the false target attacks by 87.2%. The decrease in false target attacks is a
promising improvement for cooperative behavior algorithms in wide area search
munitions.

Table 14 Number of Killed Targets/False Target Attacksfor Overall Simulation Results

No-coopetation Coopetatiofn # of Kills False Target

Py FTAR |#Munition| P | Weight? | # of Kills | # of FTA | #ofKills #of FTA | Improvement |Attack Decrease
08 0.42 0.5500 | 0.1000 0.2833 o -453.5% -100.0%
4 ' 0.25 12333 | 0.2000 0.7333 1 -40.5% -100.0%
0.95 0.42 0.6500 | 0.0867 0.4500 o -30.6% -100.0%
0.0 025 1.3667 | 01833 1.0833 0 0.7% -100.0%
08 0.42 0.ge67 | 0.2500 0.4500 o -45.1% -100.0%
g ' 025 22187 | 05333 1.4500 1] -34.6% -100.0%
0.95 0.42 0.9500 | 0.2833 0.6167 o -35.1% -100.0%
05 025 25833 | 04333 21333 1] -17.4% -100.0%
08 0.42 0.5000 | 1.0867 0.2167 0.1667 -56.7 % -04.4%
4 ' 0.25 0.8000 | 1.7667 0.6667 0.2667 -16.7 % -54.9%
0.95 0.42 0.6333 | 1.0000 0.2633 0.1500 -85.3% -85.0%
0.0 0.25 0.9333 | 1.8500 0.9500 0.2833 1.8% -52.8%
08 0.42 0.8500 | 2.4000 0.4167 0.3000 -51.0% 47.5%
g ' 0.25 1.6000 | 3.56R7 1.6667 0.5167 4.2% -35.5%
0.95 0.42 0.0667 | 2.3833 0.5167 0.2167 -40.4% 40.8%
0.25 1.8333 | 3.2500 1.8667 0.6333 1.8% -00.5%
08 0.42 0.8167 | 0.1000 0.4333 o -46.9% -100.0%
4 : 025 2087 | 02167 1.1833 0 -41.3% -100.0%
0.95 0.42 1.0333 | 0.0867 0.6500 ] A7 1% -100.0%
0.0 0.25 22833 | 0.2000 1.6167 1] -29.2% -100.0%
i 0.42 12333 | 0.2500 0.7167 1 -41.9% -100.0%
g ' 0.25 3.18R7 | 04333 22500 o -28.9% -100.0%
0.95 0.42 14333 | 02833 0.9667 1 -32.6% -100.0%
08 0.25 3.8833 | 0.3667 3.0333 a -21.9% -100.0%
08 0.42 0.7167 | 1.0867 0.3667 01667 -45.5% -04.4%
1 ' 0.25 1.4667 | 1.8167 1.0500 0.2667 25.4% -35.3%
0,05 0.42 0.9167 | 1.0000 0.4533 0.1500 -47.3% -35.0%
0.0 0.25 1.7000 | 1.6833 1.4500 0.2333 147 % 06 1%
0 0.42 11667 | 2.4000 0.6533 0.3000 -41.4% 47.5%
g 0.25 276k7 | 35667 22000 0.5667 -.5% 04 1%
095 0.42 1.3000 | 23833 0.8833 0.2167 F21% 90.9%
0.25 3.05833 | 3.1833 25333 0.4667 -17.8% -35.3%
CWVERALL PREFORMANCE 1481771 [ 1.192188 | 1.071354167 | 0.153128 A% A7.2%

In order to make a reasonable trade off and take advantage of cooperative behavior in
munitions systems, it is very important to understand the performance of cooperative
behavior under varying scenarios. Although cooperative munitions performed worse than

the non-cooperative munitions for in terms of target kills, for low warhead lethality, high
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Prr, greater number of munitions and higher FTAR scenarios cooperative behavior
achieved significant reductions in the number of false target attacks, at the expense of a
relatively small decrease in number of killed targets.

FTAR and probability of target report are competing objects. For a given sensor and
ATR system, lower FTAR and higher Prr cannot be achieved simultaneously. One must
make some trade off between these competing objects. Keeping FTAR too low leads to a
higher rate of missed targets. Likewise, having Ptr too high makes the ATR system very
sensitive, resulting in ahigher FTAR due to the misidentification of non-targets targets
as. One possibility for a trade off between these objectives is to adjust the ATR to keep
Prr high, and apply cooperative behavior to achieve a lower false target attack rate. This
is arelatively easy and cost effective way to get the desired ATR performance without
incurring the size and cost of a more sophisticated ATR system. Further, combining this
approach with small low cost warheads (low Pg) potentialy leads to a small, low-cost
system that can be employed in greater numbers. The platform that launches these wide
area search munitions, a fighter aircraft, cargo or even a UAV, will have the ability to
carry more munitions to achieve mission success. The increase in the number of
munitions will also increase the reliability of the overall munition system. Hence, an

effective munition system can be achieved cost efficiently.
4.7 Number of Attacks

In this section the performance of cooperative and noncooperative munitions will
be examined for number of false target attacks and real target attacks. Non-cooperative

munitions executed more attacks on both rea and false targets than the cooperative

munitions. In order to understand the effectiveness and value of the attacks, the number
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of attacks executed on individual targets and the total number of attacks made by
munitions will be compared.

4.7.1 False target attacks. Figure 4 shows the number of false targets
(#AttackedFalseTgt ) attacked and the total number of attacks ¢AttacksFalseTgts) made on
false targets by cooperative munitions. As can be seen from Figure 4, for low FTAR
cooperative munitions have zero attacks on false targets. With low search weight and low
warhead lethality scenarios Px = 0.5), cooperative munitions execute more attacks on
previously attacked false targets. Once a false target is fasely classified as a valid target,
munitions treat it as a real target and calculate task benefits asif it isareal target. Thisis
due to the fact that benefit calculations for low warhead lethality give a higher probability
that the attacked target is still dive than in the high warhead lethality scenarios. In
addition, a low search weight results in munitions attacking known targets rather than
looking for additional targets. As aresult, cooperative munitions execute multiple attacks
on targets that have been attacked previoudly but likely still alive. For al other scenarios
munitions rarely attack an already attacked false target.

The number of false targets that have been attacked and the total number of
attacks made on false targets by non-cooperative munitions is shown Figure 5. Non-
cooperative munitions attack known targets at a smaller ratio for low warhead lethality
and low search weight. This is as expected since non-cooperative munitions have no

communication and therefore have no knowledge of previous attacks.
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Figure 5 Number of False Target Attacksfor Non-cooperative Munitions

4.7.2 Real Target Attacks. Figure 6 shows the number of rea targets
(#AttackedTargets) that have been attacked and the total number of attacks

(#AttacksTargets) made on real targets by cooperative munitions.
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Figure 6 Number of Real Target Attacks for Cooperative Munitions

The number of real targets attacked and the total number of attacks made on real targets

by non-cooperative munitions is shown Figure 7.
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Figure 7 Number of Real Target Attacksfor Non-cooperative Munitions

At low search weight and low warhead lethality scenarios (Px = 0.5) cooperative
munitions execute more attacks on previously attacked targets than the non cooperative

munitions. Again, thisis due to the fact that benefit calculations at low warhead lethality
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gives a higher probability that the attacked target is still aive than the high warhead
lethality scenarios. In addition, alow search weight promotes in munitions attacking on
known targets rather than looking for additional new targets. As a result cooperative
munitions executed multiple attacks on targets that have been attacked previously but
likely still aive. For al of the other scenarios munitions did not attack an already
attacked target. If munitions had continued the search longer for additional targets rather
than attacking previously attacked ones, the number of real target kills might have been
higher.

Another factor that shows the performance of munitions is the ratio of real target
attacks to the total number of attacks. The ratio of real target attacks to the total number
of attacks for cooperative and noncooperative munitions is shown in Figure 8. The
overall ratios for cooperative and noncooperative munitions are 0.92 and 0.7
respectively. The performance of non-cooperative munitions is significantly worse than
the cooperative behavior. For the high FTAR scenarios, the ratio of real target attacks to
the total number of attacks for non cooperative munitions varies from 0.39 to 0.57.
Therefore, nearly half of the total attacks executed by non cooperative munitions have
been on the false targets. The cooperative munitions achieved a ratio of 0.8 for the same
cases. Even though, as mentioned in previous sections, non cooperative munition killed
more targets than the cooperative munitions, they also attacked a great number of false

targets.
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4.8 Hit Formula

A hit formula has been used to evaluate the performance of cooperative and non
cooperative munitions. High and low priority targets were used in this research: two high
priority and four low priority targets are distributed among 26 false targets. A hit formula
has been calculated in the simulation to see the effects of discrimination between the

target priorities and the effects of false target attacks. The hit formula can be expressed as
Q):
Hit Formula=2. (# High priority attacks) +
(# Low priority attacks) — (# false target attacks) 4.2
As can be seen from the formula, emphasis is put on high priority attacks by
multiplying it by two and a penalty is given to false target attacks by subtracting it from

the overal hit formula value. Figure 9 shows the performance of cooperative and non

cooperative munitions in terms of the hit formula
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Figure 9 Performance of Cooperative and Non-cooper ative Munitions for Hit Formula

Noncooperative munitions achieved better formula values for the first 16 low FTAR
value scenarios, but for high FTAR values (scenarios 17-32) cooperative munitions
outperformed the non-cooperative munitions. As discussed in previous sections non
cooperative munitions executed more attacks on false and real targets, but the relatively
low number of false target attacks for the low FTAR scenarios alowed the non
cooperative munitions to outperform the cooperative ones in terms of the hit formula. For
higher FTAR scenarios, the cooperative munitions were more likely to have munitions
still available to attack high priority targets, and more likely to attack high priority targets

with more than one munition to achieve target kill.

4.9 Discrimination between Target Types

In this section the ability of cooperative and norcooperative munitions of discriminating

between high and low priority targets will be analyzed. Figure 10 shows the ratio of high
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priority attacks to total real target attacks for cooperative and non-cooperative munitions

for low FTAR value scenarios (see Appendix for parameters).
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Figure 10 Comparisonsof Ratio of High Priority Attacksto Total Real Target Attacks

Although cooperative munitions have executed fewer attacks on targets through the
simulation, they improve the quality of attacks. They attack high priority targets at a
higher ratio than the non-cooperative munitions. This is an important improvement in
favor of cooperative behavior. In red life scenarios it might be very important to
distinguish between target priorities to accomplish the mission successfully. It is often
more beneficial to destroy the high priority targets rather than destroying greater number

of low priority targets.
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V. Conclusion and Recommendations

5.1 Conclusions

In this research the performance of cooperative and non-cooperative behavior in
autonomous wide area search munitions has been investigated. As discussed in chapter |,
scenarios and munitions used in this research are generic and conclusons made on the
performance can be applied to a broad family of wide area search munitions.

The results of the simulation were examined under characteristics of warhead
lethality, ATR capability, false target attack rate, number of munitions deployed in the
simulation, and search weight. Number of killed targets, false target attacks, Hit formula
and total attacks have been studied for al of the above characteristics.

Cooperative munitions a demonstrated significant decrease in the number of
killed targets. In comparison, cooperative behavior performed very well in terms of false
target attacks. Cooperative behavior reduced the number of false target attacks by 87.2%,
and in some scenarios cooperative munitions did not execute any false target attacks,
hence making more munitions available for attacking valid targets. A decrease in false
target attacks is very important and represents a promising improvement for cooperative
behavior. The decrease in the number of killed targets for cooperative behavior is due to
the loss of additional time for classification of targets, nore missed targets due to a
requirement for confirming classification prior to attack and executing multiple attacks
on high priority targets. Non-cooperative munitions execute nearly as many attacks on
false targets as they do on real targets. This reduces the efficiency of a single munition

and wastes valuable munitions.
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Cooperative behavior increased the quality of attacks executed on targets.
Cooperative munitions attacked high priority targets at a ratio higher than the non
cooperative munitions achieved. This shows that cooperative behavior can improve the
selectivity of wide area search munitions. However, the effort for cooperative munitions
to attack high priority targets may reduce the number of total attacks that can be
executed. The cooperative munitions achieved better hit formula values for high FTAR
values and for overal results due to the low number of false target attacks and a greater
number of high priority target hits.

Although cooperative munitions performed worse than the non-cooperative
munitions in terms of target kills, for low warhead lethality, high P, greater number of
munitions and high FTAR scenarios cooperative behavior achieved better results when
compared to its performance for high warhead lethality, low Ptr, fewer number of
munitions and low FTAR scenarios. FTAR and probability of target report are competing
objects. For a given munition system, lower FTAR and higher Prr cannot be achieved
smultaneously. One must make some trade off between these competing objects.
Keeping FTAR too low leads the ATR system to overlook some aarms and results in
higher rate of missed targets. Likewise keeping Prr too high makesthe ATR system
very sensitive to any kind of alarms detected by the sensor, resulting in a higher FTAR
due to the misidentification non-targets

One suggestion for trade off between these objectives is to adjust the ATR to keep
Prr high, and apply cooperative behavior to the munition system to achieve the desired
low fase target attack rates. This is a cost effective way to get the desired ATR

performance without resorting to a larger, more expensive sensor/ATR system. Further,
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combining this approach with small low cost warheads (low Pg) results in small
munitions that can be employed in greater numbers. The platform that launches these
wide area search munitions will have the ability to carry more munitions to achieve the
mission with success. The increase in the number of munitions will aso increase the
reliability of the overall munition system. Hence an effective munition system can be
achieved cost efficiently. It is believed that tailoring the degree of cooperation to the real

life situation may produce desirable results in terms of mission success.

5.2 Recommendationsfor Further Research

Modeling real life is beyond the scope of this study. In order to achieve the goa
of this research some simplifying assumptions needed to be made. These assumptions
and ssimplifications are left as recommendations for further researches.

1. For the purposes of this research dl communication between munitions
are assumed reliable and on time. There is no communication delay,
signal degradation or broadcasting errors. Communication is one of the
important factors of determining the performance of wide area search
munitions. Communication faults, broadcasting poor and bad information
can be afield of interest for further research.

2. In this research al targets and nontargets are modeled as stationary.
Mobile targets will challenge cooperative algorithms because of the need
for confirming classification and multiple attacks. If the target has moved,
the second munition assigned to a target may have spend additional time
relocating it. Mobile targets are left as a recommendation for further

research aswaell.
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3. Inthisresearch 4 and 8 munition are studied. Increasing the number of
the munitions is a very complex procedure and is left as a
recommendation as well. The effects due to number of munitions are
very significant on performance of cooperative and non cooperative
munitions. The effect of greater number of munitions will provide further

insight.
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Appendix A: Test Matrices

Test Matrix for Non-cooper ative Scenarios

Scenario Cooperation FTAR Pk Nmun PTR Search Weight
1 No 0.002 0.5 4 0.8 0.42
2 No 0.002 0.5 4 0.8 0.25
3 No 0.002 0.5 4 0.95 0.42
4 No 0.002 0.5 4 0.95 0.25
5 No 0.002 0.5 8 0.8 0.42
6 No 0.002 0.5 8 0.8 0.25
7 No 0.002 0.5 8 0.95 0.42
8 No 0.002 0.5 8 0.95 0.25
9 No 0.002 0.8 4 0.8 0.42
10 No 0.002 0.8 4 0.8 0.25
11 No 0.002 0.8 4 0.95 0.42
12 No 0.002 0.8 4 0.95 0.25
13 No 0.002 0.8 8 0.8 0.42
14 No 0.002 0.8 8 0.8 0.25
15 No 0.002 0.8 8 0.95 0.42
16 No 0.002 0.8 8 0.95 0.25
17 No 0.02 0.5 4 0.8 0.42
18 No 0.02 0.5 4 0.8 0.25
19 No 0.02 0.5 4 0.95 0.42
20 No 0.02 0.5 4 0.95 0.25
21 No 0.02 0.5 8 0.8 0.42
22 No 0.02 0.5 8 0.8 0.25
23 No 0.02 0.5 8 0.95 0.42
24 No 0.02 0.5 8 0.95 0.25
25 No 0.02 0.8 4 0.8 0.42
26 No 0.02 0.8 4 0.8 0.25
27 No 0.02 0.8 4 0.95 0.42
28 No 0.02 0.8 4 0.95 0.25
29 No 0.02 0.8 8 0.8 0.42
30 No 0.02 0.8 8 0.8 0.25
31 No 0.02 0.8 8 0.95 0.42
32 No 0.02 0.8 8 0.95 0.25




Test Matrix for Cooperative Scenarios

Scenario Cooperation FTAR Pk Nmun PTR Search Weight
1 Yes 0.002 0.5 4 0.8 0.42
2 Yes 0.002 0.5 4 0.8 0.25
3 Yes 0.002 0.5 4 0.95 0.42
4 Yes 0.002 0.5 4 0.95 0.25
5 Yes 0.002 0.5 8 0.8 0.42
6 Yes 0.002 0.5 8 0.8 0.25
7 Yes 0.002 0.5 8 0.95 0.42
8 Yes 0.002 0.5 8 0.95 0.25
9 Yes 0.002 0.8 4 0.8 0.42
10 Yes 0.002 0.8 4 0.8 0.25
11 Yes 0.002 0.8 4 0.95 0.42
12 Yes 0.002 0.8 4 0.95 0.25
13 Yes 0.002 0.8 8 0.8 0.42
14 Yes 0.002 0.8 8 0.8 0.25
15 Yes 0.002 0.8 8 0.95 0.42
16 Yes 0.002 0.8 8 0.95 0.25
17 Yes 0.02 0.5 4 0.8 0.42
18 Yes 0.02 0.5 4 0.8 0.25
19 Yes 0.02 0.5 4 0.95 0.42
20 Yes 0.02 0.5 4 0.95 0.25
21 Yes 0.02 0.5 8 0.8 0.42
22 Yes 0.02 0.5 8 0.8 0.25
23 Yes 0.02 0.5 8 0.95 0.42
24 Yes 0.02 0.5 8 0.95 0.25
25 Yes 0.02 0.8 4 0.8 0.42
26 Yes 0.02 0.8 4 0.8 0.25
27 Yes 0.02 0.8 4 0.95 0.42
28 Yes 0.02 0.8 4 0.95 0.25
29 Yes 0.02 0.8 8 0.8 0.42
30 Yes 0.02 0.8 8 0.8 0.25
31 Yes 0.02 0.8 8 0.95 0.42
32 Yes 0.02 0.8 8 0.95 0.25
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